Our purpose was to compare healing characteristics of diabetic foot ulcers treated with dehydrated human amniotic membrane allografts (EpiFix ® , MiMedx, Kennesaw, GA) versus standard of care. An IRB-approved, prospective, randomised, single-centre clinical trial was performed. Included were patients with a diabetic foot ulcer of at least 4-week duration without infection having adequate arterial perfusion. Patients were randomised to receive standard care alone or standard care with the addition of EpiFix. Wound size reduction and rates of complete healing after 4 and 6 weeks were evaluated. In the standard care group (n = 12) and the EpiFix group (n = 13) wounds reduced in size by a mean of 32·0% ± 47·3% versus 97·1% ± 7·0% (P < 0·001) after 4 weeks, whereas at 6 weeks wounds were reduced by −1·8% ± 70·3% versus 98·4% ± 5·8% (P < 0·001), standard care versus EpiFix, respectively. After 4 and 6 weeks of treatment the overall healing rate with application of EpiFix was shown to be 77% and 92%, respectively, whereas standard care healed 0% and 8% of the wounds (P < 0·001), respectively. Patients treated with EpiFix achieved superior healing rates over standard treatment alone. These results show that using EpiFix in addition to standard care is efficacious for wound healing.
Introduction
The prevalence of diabetes continues to rise. According to the World Health Organization, by the year 2030 diabetes will be diagnosed in 366 million people worldwide -up from 171 million in the year 2000. Lower extremity ulcers are a serious complication for people with diabetes (1) . In diabetic patients, multiple aetiologies contribute to the development of ulcers, but typically neuropathy, trauma and deformity of the foot play key roles (2, 3) .
Approximately 25% of diabetic patients will develop a chronic non healing ulcer over their lifetime (1, 4) . While some diabetic ulcers may be superficial and heal with conservative treatment, they are often notoriously slow to resolve, taking up to several months to heal (5) . Indeed, in one large metaanalysis, Margolis et al. noted weighted healing rates of 24·2% and 30·9% at 12 and 20 weeks, respectively (6) . Rates of healing assessed through planimetric measurement have been shown to be as little as 0·019-0·045 mm/day, in patients receiving standard care (7) . Even slower rates of healing may occur in patients with significant vascular disease.
The slow healing nature of diabetic ulcers has led to the development of a number of indicators for experimental purposes that provide more rapid assessment of the effectiveness of various healing modalities. Sheehan et al. noted that amniotic membrane allografts (n = 13) versus standard of care (n = 12)
• wounds treated with dehydrated amniotic membrane reduced in size more rapidly and were more likely to heal completely compared to wounds treated with standard care alone. Dehydrated amniotic membrane allografts enhance healing of diabetic foot ulcers subjects with a reduction in ulcer area greater than the 4-week median had a 12-week healing rate of 58%, compared with only 9% of those who did not (8) . Margolis et al. have similarly noted that surrogate endpoints of wound size reduction measured at 2, 4 or 8 weeks of care were similarly predictive of eventual healing (9) . Recently, Warriner et al. have summarised these earlier findings, noting that a 50% reduction in wound size at 4 weeks is a critical cut-off point for evaluating diabetic foot ulcer treatment success (10) . The federally sponsored health insurance program for persons of 65 years or older in the USA, Medicare, currently uses these types of indicators to determine whether a wound has sufficient chronicity to warrant the inclusion of more expensive skin substitute products to the plan of care (11). The economics of properly treating diabetic ulcers is compelling. Because these ulcers heal slowly, they are often complicated by infection, which in turn leads to more serious complications such as cellulitis or osteomyelitis with subsequent physician visits, hospitalisation and/or amputation. Diabetic foot-related pathology is the most frequent cause of hospitalisation within this group, and it is estimated that the total cost for treatment ranges from $10 000 to nearly $60 000 depending on ulcer severity and clinical outcomes (4, 12) . Approximately 60 of every 10 000 patients with diabetes will undergo a lower extremity amputation. Holzer et al. conducted a retrospective analysis of the costs for lower extremity ulcers in patients with diabetes and concluded that, given the high costs associated with treating these ulcers, the development of better treatment strategies is warranted (13) .
One such development in the treatment of chronic wounds is the use of amniotic membrane allografts. In the latter half of the 20th century, natural human amniotic membrane began to be used as a wound covering for the treatment of diabetic neurovascular ulcers, venous stasis ulcers, burns and other various types of post-surgical and posttraumatic wound dehiscence (14) (15) (16) (17) . Although historically human amniotic membrane has been used successfully in a variety of wounds, issues with obtaining, preparing and storing the material, in addition to concern regarding the potential for infectious disease transmission, have impacted its widespread use.
Recently, development of a dehydrated form of human amniotic membrane that has preserved the properties of the natural membrane, yet has a stable shelf life of 5 years at room temperature, has become commercially available. Although several case studies and clinical reports on its use are available, this study seeks to formally investigate the use of this material in a randomised controlled trial (18) (19) (20) . The objective was to compare healing characteristics (wound reduction and rates of complete healing) when the amniotic membrane product was included in the standard of care versus the standard of care only, without the amniotic membrane product, in patients with indolent diabetic foot ulcers.
Patients and methods
A prospective, stratified, randomised, comparative, parallel group, non blinded clinical trial comparing the proportion of ulcers completely healed with the use of dehydrated human amniotic membrane allograft (EpiFix ® , MiMedx, Kennesaw, GA) versus a standard protocol of wound care (moist wound therapy) in diabetic patients with a foot ulcer was conducted. The single-centre trial was conducted in Southwest Virginia under the direction of a senior clinician with expertise in diabetic foot care with continuous enrolment of all eligible patients who wished to participate. Patients read and signed an IRB-approved informed consent form prior to any study involvement. The study design conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was reviewed and approved by Western IRB and preregistered in ClinicalTrials.gov (NCT01552499). The study population was comprised of patients with a history of type 1 or type 2 diabetes presenting for care of a diabetic ulcer located anywhere on the foot. Study inclusion criteria were as follows: age 18 or older; able and willing to provide consent and agree to comply with study procedures and follow-up evaluations; ulcer size >1 and <25 cm 2 ; ulcer duration of ≥4 weeks; no clinical signs of infection; serum creatinine < 3·0 mg/dl; glycosylated haemoglobin (HbA1c) < 12%; adequate circulation to the affected extremity as demonstrated by dorsum transcutaneous oxygen test (TcPO 2 ) ≥ 30 mmHg, ankle-brachial index (ABI) between 0·7 and 1·2 or triphasic or biphasic Doppler arterial waveforms at the ankle of affected leg. Patients were excluded if any of the following were present: participating in another clinical trial; charcot foot; index ulcer probing to bone; currently receiving radiation or chemotherapy; known or suspected malignancy of current ulcer; diagnosis of autoimmune connective tissue disease; received a biomedical or topical growth factor for their wound within the previous 30 days; pregnant or breast feeding; taking medications considered to be immune system modulators and allergy to gentamicin or streptomycin. Screening evaluations consisted of a medical history and physical examination, an infection assessment, wound site measurement, serum creatinine, HbA1c and a vascular assessment including circulation to the affected extremity (dorsum TcPO 2 , ABIs or Doppler arterial waveforms) within the last 60 days. Eligible patients meeting criteria were then randomised to receive either the EpiFix allograft material in addition to the standard regimen of wound care or a standard regimen of wound care alone in a 1:1 ratio. The randomisation schedule was balanced and permuted in blocks of 10.
Study procedures
Patients randomised to the standard regimen of wound care (SOC group) were treated with wound debridement, appropriate moist wound therapy adhering to standardised guidelines with the use of Silvasorb gel and Aquacel AG at the discretion of the attending clinician and a compression dressing. Patients were instructed on how to perform their daily dressing changes and were provided with all necessary supplies on a weekly basis.
Patients randomised to the amniotic membrane group (EpiFix group) received an application of the dehydrated amniotic membrane allograft (EpiFix) following surgical debridement of all necrotic tissue. A non adherent dressing (Adaptic ® ) was used to cover the EpiFix, followed by a moistureretentive dressing (hydrogel bolster) and a compression dressing. Dressing changes in the EpiFix group took place weekly during the office visit. Per study protocol, an additional piece of EpiFix was applied at weeks 2, 4, 6, 8 and 10, if the ulcer had not completely epithelialised at those time points.
The wound dressing techniques described were consistently used for all patients and across time points. For both treatment groups, a record was kept of each dressing change performed. All wounds were offloaded using a removable cast walker (Active Offloading Walker; Darco, Huntington, WV).
All patients were seen by the investigator at time zero and at least once every 7 days (±3 days) for up to 12 weeks or until complete healing, whichever occurred first. Additionally, patients were exited from the study and allowed to seek alternative treatment if the index ulcer did not achieve 50% area reduction at 6 weeks. During each weekly visit, ulcer cleansing with a sterile normal saline solution (rinsing, swabbing or irrigating), ulcer measurement with a graded centimetre ruler (length, width and depth) and a dressing change were conducted. When applicable, measurements were done after debridement. The wound area was calculated by multiplying the width and length measurements.
Study outcomes and data analysis
The purpose of this investigation was to determine the efficacy of EpiFix (dehydrated human amniotic membrane) versus standard of care in the treatment of indolent diabetic lower extremity ulcers. Primary study outcomes included reduction of wound size and the proportion of ulcers completely healed after 4 and 6 weeks. For the purposes of this study, healing was defined as complete epithelialisation of the open area of the wound. The 4-week surrogate endpoint has been well established as an industry marker by Margolis et al. in evaluating the prognosis for eventual healing (5, (8) (9) (10) . A final evaluation of study outcomes occurred at 12 weeks for those patients with continued enrolment.
The percent of ulcers healed at 4-and 6-week time points was evaluated with a χ 2 test with odds ratio and 95% confidence interval. Wound surface area reduction was evaluated using a Mann-Whitney U -test. In addition, the healing characteristic of each modality as a function of time to complete healing was assessed among patients healing within the overall 12-week study period. The level of statistical significance was set at P < 0·05.
Results
The study was comprised of individuals who were representative of the types of patients typically seen in the community environment. Eligible patients were those with a history of type 1 or type 2 diabetes receiving treatment for a chronic diabetic foot ulcer of at least 4-week duration. All eligible patients were offered enrolment as long as they met the IRB-approved study inclusion and exclusion criteria described above. Twenty-five subjects were enrolled and randomly assigned to the SOC group (n = 12) or EpiFix group (n = 13) between March and August of 2012. Characteristics of patients in the SOC and EpiFix groups are described in Table 1 . Clinical characteristics were similar between the study groups (all P > 0·05).
Study outcomes are presented in Table 2 . At 4 weeks, the average ulcer surface area reduction was 32·0% ± 47·3% for the 12 subjects of the SOC group and 97·1% ± 7·0% for the 13 subjects of the EpiFix group (P < 0·001). At 6 weeks, the average ulcer surface area reduction was −1·8% ± 70·3% for the 12 subjects of the SOC group and 98·4% ± 5·8% for the 13 subjects of the EpiFix group (P < 0·001). Mean wound area reduction by week is presented in Figure 1 . In the SOC group there was a mean reduction in wound size of 20% at week 1, compared to a mean reduction in wound size of over 80% in those in the EpiFix group. Mean wound size reduction by patient is presented in Figure 2 for those in the EpiFix and SOC groups, respectively. Note that the SOC patients showed the typical pattern of irregular wound size variation over time, whereas the EpiFix patients demonstrated a consistently rapid reduction in wound size over time with less variation.
Patients randomised to receive EpiFix had higher healing rates than those receiving standard of care without EpiFix (Table 2) . At 4 weeks, none of the subjects from the SOC group (0%) was healed, whereas 10 of the 13 subjects in the EpiFix group (77%) had wounds that had completely epithelialised (P < 0·001). At 6 weeks, 1 of the 12 subjects from the SOC group (8%) was healed and 12 of the 13 subjects in the EpiFix group (92%) were healed (P < 0·001). Rates of healing by week are illustrated in Figure 3 . Interestingly, over 50% of patients in the EpiFix group were healed (defined as complete epithelialisation of the open area of the wound) within 1 week of study enrolment. For those patients that healed, mean time to complete healing was 5 weeks in the SOC group (n = 1) versus 2·5 ± 1·9 weeks in the EpiFix group (n = 12), representing a 50% faster healing rate for those patients in the EpiFix treatment group.
Study completion
Per study protocol, patients failing to achieve at least a 50% reduction in wound size within 6 weeks of study enrolment had the option of exiting the study in order to seek alternative wound care treatment. By week 6, 1 of the 12 subjects from the SOC group had healed completely, 1 had healed >50% and 10 exited the study as the index ulcer had not achieved 50% area reduction. At the final endpoint of 12 weeks, one patient exited without achieving complete wound closure. In the EpiFix group, all of the patients achieved >50% healing by 6 weeks. Indeed, at the 6-week evaluation, 12 of the 13 subjects in the EpiFix group had healed completely. Only one patient in the EpiFix group did not achieve complete healing and opted to exit at week 11 for alternative treatment. 
Adverse events
During the study period, four patients in the SOC group and one patient in the EpiFix group experienced adverse events. Two patients in the SOC group developed cellulitis of the effected extremity, which was treated with sharp debridement and antibiotics. Other events in the SOC group included one patient with a gastrointestinal bleed and one with acute pyelonephritis. One patient in the EpiFix group experienced pneumonia, respiratory distress and acute renal failure during the study period, although this was not believed to be related to the use of the amniotic membrane allograft.
Discussion
This is the first randomised controlled trial in the USA comparing standard of care versus standard of care plus advanced therapy using a dehydrated human amniotic membrane product (EpiFix) in patients with a long-standing diabetic ulcer. Patients in the study sample treated with EpiFix had significantly greater rates of healing and healed in a more rapid fashion than those patients receiving standard of care alone.
Human amniotic membrane has been scientifically studied to examine how it contributes to the healing process in wounds. Amniotic membrane is composed principally of three types of material: structural collagen and extracellular matrix, biologically active cells and a large number of important regenerative molecules (21) . Collagen types IV, V and VII provide an important substrate, which is not only important for the structural integrity of the membrane but also facilitates wound healing and cellular ingrowth. There is clear evidence that many of these molecules interact with one another in a highly complex milieu of bioregulation that requires the presence of membranes, individual growth factors and interactions that upregulate and downregulate the various regenerative processes of healing (22) .
Human amniotic membrane has been found to have a number of characteristics that make it uniquely suited to wound healing. For example, previous studies have shown that amniotic membrane:
• provides a matrix for cellular migration and proliferation ( Overall, amniotic membrane has potential uses in a variety of other wound healing applications in addition to cutaneous wounds including applications in periodontology, otorhinolaryngology and general surgery. The material appears to be safe in its overall use and contributes significantly to the regeneration of various soft tissues (31, 33, 34) .
Models of cost-effectiveness in wound care have been postulated and developed by a number of authors. Data from registries often are used to calculate the health care claims costs of wound care, and are expressed in terms of cost to heal, hospitalisation costs or overall medical care costs (13, 35) . While health economists focus on these tangible costs of wound management, the true economic analyses also develop from productivity, quality of life and related issues as well (36) . In order for an advanced therapy such as EpiFix to be seen as an acceptable treatment option it must be clinically efficacious, operationally efficient for the clinician, improve the patients' quality of life and be cost-effective. A treatment that reduces healing time while requiring minimal dressing changes with a low need for reapplication meets these requirements.
Dehydrated amniotic membrane material is operationally efficient in that it can be transported and stored at room temperature for long periods of time up to 5 years, thus minimising the need for complex policies for receiving and storing the material. In addition, the added expense of subzero refrigeration or short storage life that often leads to wasted product is no longer a consideration or expense. Handling characteristics of the EpiFix material permit easy retrieval and use and minimise time for application, allowing for more efficient utilisation of the clinicians' time and effort. The material can be provided in a number of different sizes, minimising the amount of waste when used on varying size ulcers and at various stages in healing.
In this study, the overall comparison of the standard of care with the standard of care plus dehydrated amniotic membrane allograft reflected an unprecedented ability of the material to assist in the resolution of diabetic neurotrophic ulcers. The use of the EpiFix material obviated at least six dressing changes by the patient per week and any associated home health care visits. The EpiFix material, placed on an every other week regimen, aggressively closed the wounds under consideration in a far shorter time than standard wound treatment. Therefore, as the allograft material is placed less frequently, and the wounds heal more quickly than alternative therapies, the potential for reduced cumulative as well as episode costs can be assumed.
Limitations of this study are those inherent to small sample size. Our findings should be confirmed and expanded with subsequent clinical trials. As the EpiFix allograft was applied biweekly we do not know if weekly application would result in even more expeditious healing. Studies are currently underway to address this question. Also, as our comparative group did not receive other advanced therapies we are unable to assess if the EpiFix allograft is as good as, or better, than other available advanced wound care products. Additional comparative effectiveness studies are required to address those questions. As this study was limited to patients with chronic diabetic foot ulcers we are unable to comment on how the EpiFix product performs in other patient populations and for other medical or surgical indications.
In conclusion, the application of dehydrated human amniotic membrane has demonstrated superior clinical effectiveness when compared with standard of care in the treatment of indolent neurotrophic ulcers of the lower extremity in diabetic patients. The results show that over a 6-week period, healing occurred in 92% of chronic diabetic foot ulcers treated with dehydrated human amniotic membrane allografts (EpiFix) as an addition to standard of care (conservative wound management) versus only 8% of wounds healed with standard of care alone. Therefore, EpiFix appears to be a clinically viable and economically feasible treatment option that should be considered by clinicians that treat diabetic pedal ulcers.
